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Improving on nature’s shortcomings: evolving a lipase for 




































An	 enzyme	 must	 be	 soluble,	 stable,	 active	 and	 easy	 to	 produce	 to	 be	 useful	 in	 industrial	
applications.	Not	all	enzymes	possess	these	attributes.	We	set	out	to	determine	how	many	






improved	 solubility.	 Five	 variants	 and	 the	 wild-type	 (wt)	 enzyme	 were	 purified	 and	
characterised.	The	yield	of	the	wt	enzyme	was	just	2.2	mg	per	Litre	of	culture	while	a	variant,	
produced	under	the	same	conditions,	gave	351	mg.	The	specific	activity	of	the	best	variant	
was	 20	 times	 higher	 than	 wild-type.	 All	 the	 purified	 variants	 showed	 increased	 thermal	











determine	 if	 a	 small	 number	 of	 changes	 could	 produce	 variants	 that	 might	 be	 useful	 to	 a	
chemist.	To	be	suitable	for	industrial	use,	an	enzyme	must	not	only	possess	useful	catalytic	
properties,	 it	must	also	be	soluble,	easily	produced	and	stable	under	 the	 required	process	













assigned	 based	 on	 its	 sequence	 similarity	 with	 other	 lipases	 and	 without	 biochemical	



















Ollis	et	al.	1992).	Proteins	 in	 the	α/β	hydrolase	 fold	 family	 typically	have	a	core	of	eight	β	
strands,	 with	 the	 second	 antiparallel	 to	 the	 others,	 and	 the	 strands	 connected	 by	 surface	
exposed	α-helices.	Like	the	serine	proteases,	these	proteins	have	catalytic	triads	that	consist	
of	a	nucleophile,	an	acidic	residue	and	a	histidine:	in	Lip3	these	are	S145,	D319	and	H350.	Like	
many	 other	 α/β	 hydrolase	 fold	 enzymes,	 lipases	 have	 a	 substrate	 binding	 domain	 that	
emerges	from	Strand	7	and	forms	much	of	the	active	site.	Part	of	this	domain	consists	of	a	











throughput	 assay.	 That	 is,	 the	 final	 variants	 had	 to	 be	 a	 suitable	 starting	 point	 for	 further	
evolution	studies	to	produce	variants	that	could	be	used	for	specific	practical	applications.	The	
applications	we	had	 in	mind	required	that	the	final	variants	 from	the	current	study	should	
have	 detectable	 activity	 with	 TGAs	 with	 long	 aliphatic	 chains.	 Evolution	 towards	 more	
practical	applications	is	described	in	subsequent	papers.		
Materials	and	methods.	
Distilled	 water	 was	 purified	 with	 a	 MilliQ	 reagent	 system.	 All	 the	 consumables	 used	 for	
molecular	biology	including	all	the	glassware,	micropipette	tips	and	micro-centrifuge	tubes	as	





red,	 tributyrin,	 glyceryl	 trioctanoate,	 1-naphtyl	 palmitate,	 Alcalase®,	 agar	 and	 DTT	 (1,4	
Dithiothreitol)	were	from	Sigma.	Glycine	and	sodium	dodecyl	sulfate	(SDS)	were	from	Amresco	

































a	 large	 library	 that	 had	 components	 with	 different	 levels	 of	 mutagenesis.	 The	 three	 PCR	
reactions	were	performed	in	50	µl	reaction	mixtures	that	contained	50-60	ng	plasmid,	MnCl2	
(0.1	or	0.2	or	0.3	mM),	1	µM	of	each	primer	 (Integrated	DNA	Technologies),	5	mM	MgCl2	




























round	of	evolution,	100	agar	plates	were	used.	 	 The	plates,	prepared	with	2%	glyceryl	 tri-
octanoate	 sonicated	 in	 the	 medium	 after	 initial	 autoclaving,	 had	 a	 white	 color	 that	
disappeared	 in	 the	 presence	 of	 active	 lipases.	 Consequently,	 clear	 haloes	 formed	 around	
colonies	expressing	active	lipases.	The	size	of	the	haloes	depended	upon	the	activity	of	the	








from	 the	 colony	 grown	 in	 96-well	 microtiter	 plates	 with	 200	 µl	 LB-amp	 and	 incubated	
overnight	 at	 30°	 C	 or	 37°	 C	 depending	 upon	 the	 temperature	 initially	 used	 to	 express	 the	
variants	 (Table	 1).	 The	 plates	 were	 shaken	 at	 1000	 rpm	 in	 a	 Heidolph	 Microplate	 Shaker	
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(Titramax	 1000).	 After	 18	 hours	 incubation,	 half	 of	 each	 well	 was	 transferred	 to	 the	
corresponding	well	of	a	fresh	(replica)	plate	and	lysed	with	0.06	mg/mL	lysozyme.	The	esterase	





























enzymes	 using	 p-nitrophenyl	 esters	 as	 substrates.	 Preparation	 of	 the	 substrate	 mixture	











with	 pNP-C8	 after	 heat	 treatment.	 The	 purified	 enzymes	 in	 Buffer	 A	 were	 incubated	 at	
different	 temperatures	 (30°C	 to	 80°C)	 using	 a	 Bio-Rad	 C1000
TM







































5678	 is	 the	 turnover	 number	 (min
-1











similar	 to	 that	 of	 Camacho-Ruiz	 et	 al	 (Camacho-Ruiz	 et	 al.	 2015),	 who	 used	 a	 shift	 in	 pH	
generated	by	the	release	of	free	fatty	acids	to	measure	lipase	activity.	In	this	work,	the	lipases	
were	placed	in	a	1	mM	Tris-HCl	buffer	with	phenol	red	to	monitor	the	decrease	of	pH	during	




lipase	 activity	 of	 individual	 variants.	 The	 substrates	 were	 tributyrin,	 trioctanoate,	 triolein	














No	 experimental	 structure	 is	 currently	 available	 for	 Lip3.	 The	 CONSURF	 server	























generate	 the	 libraries.	 In	 the	 second	 and	 third	 stages,	 these	 libraries	 were	 screened	 for	
increased	Lip3	activity.	 In	the	primary	screen,	 large	 libraries	(30	to	40,000)	were	tested	for	
lipolytic	activity	with	an	agar	plate	assay.	This	was	possible	because	E.	coli	does	not	have	any	
lipases.	This	assay	did	not	 lend	 itself	to	a	quantitative	assessment	of	variant	activity,	but	 it	
could	 be	 used	 to	 identify	 a	 few	 hundred	 variants	 to	 be	 tested	 in	 a	 secondary	 screen.	 	 In	


























which	 lipids	 were	 added	 to	 the	 agar	 to	 make	 it	 cloudy.	 Activity	 was	 detected	 when	 the	











around	 colonies	 grown	 at	 30°	 C	 on	 agar	 plates	 with	 LB,	 1	 mM	 lactose,	 0.06%	 v/v	 glyceryl	
trioctanoate,	 and	 0.2	 mM	 Ca
2+





















variants	 with	 the	 highest	 activities	 were	 isolated,	 sequenced	 (to	 eliminate	 duplicates)	 and	
used	as	parents	 for	 the	next	generation.	Table	S1	shows	 the	sequences	of	all	 the	selected	
variants	from	each	round.	The	average	number	of	changes	introduced	in	each	round	varied	a	
great	deal.	Round	6	resulted	in	an	average	of	2.7	changes	while	in	round	3,	the	average	was	
—1.6	changes:	 that	 is,	 there	were	on	average	more	reversions	 to	wt	 than	changes	to	new	
sequences.	 	At	 the	end	of	 round	7,	 there	were	an	average	of	6.4	changes	 in	 the	sequence	

































in	 variants	 R1_15B	 and	 R2_312H:	 hence	 these	 two	 variants	 were	 also	 selected	 for	
characterisation.	 Cells	 expressing	 the	 variants	 and	 wt	 Lip3	 were	 grown	 under	 the	 same	
conditions	(see	Methods).	The	yields	varied	greatly:	while	only	small	quantities	of	the	wt	could	







and	 pellet	 (insoluble	 fraction)	 by	 SDS-PAGE	 (Sodium	 dodecyl	 sulfate	 polyacrylamide	 gel	
electrophoresis)	(Figure	2C).	The	different	variants	were	grown	under	the	same	conditions,	
but	grew	at	different	rates	and	to	different	final	optical	densities	(OD	680).	The	amounts	of	

















both	 proteins	 were	 concentrated	 in	 an	 Amicon	 concentrator.	 The	 wt	 protein	 started	 to	
precipitate	at	just	5	mg/mL	while	the	variant	did	not	precipitate	at	100	mg/ml.		
The	 thermostability	 of	wt	 and	 selected	 variants	 were	 assessed	 by	 measuring	 the	 residual	





To	 determine	 if	 evolution	 affected	 the	 catalytic	 properties	 of	 the	 variants,	 their	 specific	
activities	were	measured.	The	specific	activities	of	the	wt	and	variants	were	measured	for	p-
nitrophenyl	esters:	propionate	pNP-C3,	octanoate	pNP-C8,	palmitate	pNP-C16	and	stearate	
pNP-C18	 (Table	 2).	 The	 specific	 activities	 were	 measured	 with	 the	 same	 substrate	
concentrations	as	used	 for	 the	C8	substrate	 in	 the	secondary	screen.	All	 the	variants	 from	
round	7	have	similar	activities	toward	pNP-C8,	with	R7_59A	exhibiting	the	highest	activity	for	
pNP-C3	and	pNP-C16	while	R7_47D	exhibited	the	highest	for	pNP-C18.	Variants	R7_47E	and	
R7_82E	 showed	 very	 low	 activity	 on	 pNP	 esters	 with	 long	 chains	 (C16	 and	 C18).	 The	 C8	






but	 an	 increase	 in	 activity	 when	 measured	 with	 crude	 lysate,	 again	 suggesting	 that	 the	
solubility	of	the	variants	has	been	preferentially	increased	in	these	early	rounds.		
The	 esterase	 activities	 of	 the	wt	 and	 variants	 were	 measured	 as	 a	 function	 of	 substrate	
concentration.	 When	 plotted,	 these	 data	 gave	 poor	 agreement	 with	 a	 two-parameter	
Michaelis-Menten	curve.	The	shape	of	the	curves	could	be	reasonably	described	with	a	three-
parameter	substrate	inhibition	equation	(Methods)	(Figure	4).	Given	that	the	wt	data	were	






maxima	 that	 occur	 at	 the	 concentration	 of	 substrate	 used	 for	 selection	 in	 the	 secondary	





























a	 helix	 destabilising	 residue,	 with	 a	 leucine	 would	 likely	 stabilise	 the	 helix	 through	 more	
favourable	hydrogen	bond	formation.	The	sidechain	of	N268	is	found	in	a	hydrophobic	pocket:	
replacement	of	a	polar	asparagine	residue	with	the	hydrophobic	isoleucine	would	strengthen	
the	 hydrophobic	 interactions,	 which	 often	 occurs	 in	 thermophilic	 proteins	 (Gromiha	 et	 al.	
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to	 provide	 an	 abundant	 supply	 of	 purified	 protein.	 A	 single	 change	 in	 the	 first	 round	 was	





























in	 solution,	 whether	 it	 be	 correctly	 folded	 and	 active	 or	 mis/un-folded	 and	 inactive.	 Our	
selection	 was	 for	 increased	 activity,	 which	 depends	 on	 correctly-folded	 protein.	 For	 this	
reason,	 we	 have	 assumed	 that	 increased	 solubility	 implies	 an	 increase	 in	 the	 amount	 of	
correctly	 folded	 and	 active	 protein.	 Our	 selection	 conditions	 demanded	 that	 variants	 fold	
correctly	 at	 37°	 C,	 and	 gave	 no	 advantage	 to	 variants	 that	 might	 retain	 activity	 at	 higher	
temperatures;	there	was	no	selection	pressure	for	an	increase	in	stability.	Strictly	speaking,	
stability	 refers	 to	 the	 amount	 of	 free	 energy	 required	 to	 (reversibly)	 unfold	 a	 protein:	
practically,	T1/2	is	measured	using	a	non-equilibrium	assay,	and	so	its	value	depends	upon	the	
method	used	to	measure	unfolding.	We	used	residual	activity	after	heat	treatment	as	a	proxy	
for	 protein	 thermostability.	 In	 principle,	 therefore,	 increased	 protein	 solubility	 could	 have	
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Given	the	 location	and	frequency	of	changes,	 it	appears	that	the	first-priority	 in	producing	
more	 active	 enzyme	 in	 crude	 lysate	 was	 to	 stabilize	 the	 cap	 domain.	 Following	 this,	 the	





Directed	 evolution	 has	 been	 applied	 to	 lipases	 previously	 (Schmidt	 et	 al.	 2004;	 Svendsen	
2000).	In	a	few	of	these	studies,	the	stereochemistry	of	the	reaction	catalysed	by	the	lipase	
has	been	modified	(Liebeton	et	al.	2000;	Manfred	T.	Reetz	et	al.	1997).	 In	other	cases,	the	
stability	of	 the	protein	has	been	enhanced	with	respect	 to	 thermal	stability	 (Akbulut	et	al.	
2013;	Khurana	et	al.	2011;	Y.	Liu	et	al.	2017;	Madan	and	Mishra	2014;	Yu	et	al.	2012)	or	organic	







have	 the	 desired	 properties.	 In	 addition,	 we	 argue	 that	 our	 resulting	 series	 of	 variants	
constitute	a	better	 starting	point	 for	 further	evolution,	as	 sequence	differences	will	 give	a	
more	diverse	library.		Some	variants	are	more	active	while	others	are	more	stable	so	that	a	





to	 a	 useful	 product.	 For	 example,	 one	 might	 select	 for	 enhanced	 activity	 with	 substrates	
possessing	longer	aliphatic	chains	that	occur	in	fats	and	oils.	Some	variants	have	activity	with	
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1	 40000	 672	 72	h,	30°	C	 10	 30°	C	 10	
2	 40000	 768	 48	h,	30°	C	 12	 30°C	 12	
3	 40000	 576	 48	h,	30°	C	 10	 30°	C	 22	
4	 40000	 480	 45	h,	30°	C	 7	 30°	C	 15	
5	 32000	 1248	 24-48	h,	37°	C	 20	 37°C	 28	
6	 32000	 384	 24	h,	37°	C	 18	 37°	C	 73	










































































































WT	 G		 M		 Y		 M		 K		 F		 V		 S		 T		 E		 N		 L		 R		 P		 K		 M		 1	 2.2	 37.3°C	 15.9	 96.6	 0.4	 1.6	
R1_15B	 		 	 	 	 	 	 	 	 	 	 	 	 	 L	 	 		 10	 ND	 42.2°C	 0.5	 43.9	 0.001	 0.1	
R2_312H	 		 	 	 	 	 	 	 	 	 	 I	 	 	 	 	 		 12	 ND	 39.0°C	 1.8	 55.3	 0.01	 0.03	
R7_59A	 		 	 F		 L		 	 	 A		 	 	 	 I		 	 C		 L		 R		 L	 218	 340.8	 45.0°C	 99.9	 147.6	 3.1	 4.2	
R7_82E	 R		 	 	 	 R		 L		 A		 	 A		 G		 I		 	 	 L		 	 L	 198	 235.8	 49.6°C	 74.1	 148.1	 0.8	 0.9	
R7_47D	 		 V		 	 	 	 	 A		 	 	 	 I		 	 	 L		 	 L	 222	 172	 52.9°C	 71.4	 148.8	 2.6	 5	
R7_47E	 		 	 	 	 	 	 A		 T		 	 	 T		 	 	 L		 	 L	 193	 24	 51.5°C	 56.9	 150.1	 0.2	 0.3	



























































































	 CG8823	 M	 Y	 E	 M	 A	 T	 F	 V	 S	 N	 T	 D	 E	 N	 P	 K	 M	 K	 L	 	
1	 R7_58D	 		 		 		 		 		 		 		 A	 		 		 		 		 		 T	 L	 		 L	 		 		 4	
2	 R7_412F	 		 F	 		 		 		 		 		 A	 		 		 		 		 G	 I	 L	 		 L	 E	 		 8	
3	 R7_12H	 V	 		 		 		 		 		 L	 A	 		 		 A	 		 		 I	 L	 		 		 		 		 7	
4	 R7_69H	 		 		 		 		 		 		 		 A	 		 		 		 		 G	 I	 L	 		 L	 		 		 6	
5	 R7_58F	 		 		 		 		 		 		 		 A	 		 		 		 		 G	 I	 L	 		 L	 E	 		 6	
6	 R7_48A	 V	 		 G	 		 		 		 		 A	 		 		 		 		 G	 I	 L	 		 L	 		 		 9	
7	 R7_69G	 		 		 		 		 		 		 		 A	 		 		 		 		 G	 I	 L	 		 L	 E	 		 6	
8	 R7_611E	 		 		 		 		 		 		 		 A	 		 		 A	 		 		 I	 L	 		 L	 		 		 7	
9	 R7_410H	 		 		 		 		 		 		 		 A	 		 		 		 		 G	 I	 L	 		 L	 E	 		 6	
10	 R7_59A	 		 F	 		 L	 		 		 		 A	 		 		 		 		 		 I	 L	 R	 L	 		 		 8	
11	 R7_16D	 		 		 		 		 		 		 		 A	 		 		 		 		 		 		 L	 		 L	 		 		 3	
12	 R7_112D	 		 		 		 		 		 		 		 A	 T	 		 		 		 		 T	 L	 		 L	 		 		 5	
13	 R7_712E	 		 F	 		 		 		 		 		 A	 		 		 		 		 G	 I	 L	 		 L	 E	 		 7	
14	 R7_73H	 		 		 		 		 		 		 		 A	 		 		 		 		 G	 I	 L	 		 L	 E	 		 6	
15	 R7_67B	 		 F	 		 		 		 		 		 A	 		 		 		 		 G	 I	 L	 		 L	 		 		 8	
16	 R7_612G	 		 		 		 		 		 		 		 A	 T	 		 		 		 		 T	 L	 		 L	 		 		 5	
17	 R7_64C	 		 		 		 		 		 		 		 A	 		 		 		 		 G	 I	 L	 		 L	 E	 		 6	
18	 R7_412D	 		 		 		 L	 V	 		 		 A	 T	 S	 A	 		 		 		 L	 		 L	 		 		 8	
19	 R7_612B	 		 		 K	 		 		 A	 		 A	 T	 		 		 G	 		 I	 L	 		 L	 		 Q	 9	
20	 R7_48B	 		 F	 		 		 		 		 		 A	 		 		 		 		 G	 I	 L	 		 L	 E	 		 7	
21	 R7_107G	 		 		 		 		 		 		 		 A	 		 		 		 		 G	 I	 L	 		 L	 E	 		 6	
22	 R7_47E	 		 		 		 		 		 		 		 A	 T	 		 		 		 		 T	 L	 		 L	 		 		 5	
23	 R7_82E	 		 		 		 		 		 		 L	 A	 		 		 A	 		 G	 I	 L	 		 L	 		 		 8	
24	 R7_106H	 	 	 	 	 V	 	 	 A	 T	 	 A	 	 	 I	 L	 	 L	 	 	 10	
25	 R7_410F	 		 		 		 		 		 		 		 A	 T	 		 A	 		 		 T	 L	 		 L	 		 		 6	
26	 R7_106G	 		 		 		 		 		 		 		 A	 T	 		 		 		 		 T	 L	 		 L	 		 		 5	
27	 R7_411A	 		 F	 		 L	 		 		 		 A	 		 		 A	 		 		 I	 L	 		 L	 		 		 8	
28	 R7_47D	 V	 		 		 		 		 		 		 A	 		 		 		 		 		 I	 L	 		 L	 		 		 5	
29	 R7_67A	 		 F	 		 		 		 		 		 A	 		 		 		 		 G	 I	 L	 		 		 		 		 6	
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Fig.	2	Comparison	of	evolution.	 (A)	SDS-PAGE	gels	of	 fractions	after	purification	of	 several	
variants	of	 lip3	using	5	mL	HisTrap	 column.	Wild-type	 (I),	 variants	R7_59A	 (II)	 and	R7_47E	
(III).(B)	Elution	profiles	of	the	lipases	lip3	wild-type	(I)	and	the	variants	R7_59A	(II)	and	R7_47E	
















































































  res	→	 28	 41	 49	 56	 61	 78	 174	 201	 245	 248	 291	 #	MUT	








1	 R1	12H	 		 		 		 		 		 		 		 A	 		 		 		 1	
2	 R1	14H	 R	 		 		 		 		 		 		 		 V	 		 L	 3	
3	 R1	15B	 		 		 		 		 		 		 		 		 		 		 L	 1	
4	 R1	15C	 		 G	 		 V	 G	 		 		 		 		 		 		 3	
5	 R1	17H	 		 		 		 		 		 T	 		 		 		 		 		 1	
6	 R1	36C	 		 		 K	 		 		 		 		 		 		 		 Q	 2	
8	 R1	49A	 R	 		 		 		 		 		 		 		 V	 		 L	 3	
9	 R1	66A	 		 		 		 		 		 		 		 		 		 G	 		 1	
10	 R1	39E	 		 		 		 		 		 		 V	 		 		 		 		 1	
	
  res	→	 3	 28	 35	 40	 46	 78	 87	 101	 174	 185	 201	 211	 223	 242	 268	 276	 291	 361	 362	 363	 #	MUT	








1	 R2	28G	 		 R	 		 		 		 		 		 		 		 A	 		 		 		 		 		 		 		 		 		 		 2	
2	 R2	210E	 		 		 		 F	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 1	
3	 R2	310C	 		 T	 		 		 		 T	 		 		 		 		 		 		 		 		 I	 		 		 		 		 		 3	
4	 R2	312H	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 T	 		 		 		 		 		 1	
5	 R2	72F	 		 		 		 		 		 		 		 R	 V	 		 		 		 		 		 		 		 		 		 		 		 2	
6	 R2	712C	 		 		 		 		 		 		 		 		 V	 A	 		 		 		 		 		 		 		 		 		 		 2	
7	 R2	12A	 		 		 		 		 K	 		 		 		 		 		 		 		 		 		 I	 		 L	 		 		 		 3	
8	 R2	311D	 R	 		 		 		 		 T	 		 		 		 		 		 		 		 		 I	 		 		 		 		 		 3	
9	 R2	35B	 		 R	 		 		 		 		 		 		 		 		 		 		 		 		 Y	 S	 L	 T	 		 F	 6	
10	 R2	612F	 		 		 		 		 		 		 		 		 		 		 		 		 L	 		 I	 		 		 		 F	 		 3	
11	 R2	510C	 		 		 T	 		 		 		 G	 		 		 		 		 		 		 H	 I	 		 L	 		 		 		 5	




  res	→	 13	 21	 28	 40	 43	 46	 74	 78	 101	 136	 158	 163	 174	 185	 189	 201	 206	 208	 221	 223	 225	 230	 245	 253	








1	 R3	28E	 		 		 		 		 		 		 		 T	 		 		 		 		 		 		 		 		 		 		 		 R	 		 		 		 		
2	 R3	212B	 		 		 		 		 		 		 		 T	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		
3	 R3	310D	 		 		 		 		 		 		 		 		 R	 		 		 		 		 		 		 		 G	 		 		 		 		 		 		 		
4	 R3	311G	 		 		 		 		 		 		 		 		 R	 		 		 		 V	 		 		 A	 		 		 		 		 A	 		 		 		
5	 R3	411G	 		 		 		 F	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		
6	 R3	412D	 V	 		 R	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		
7	 R3	511G	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		
8	 R3	512C	 		 		 		 		 		 		 I	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		
9	 R3	612A	 V	 		 R	 		 		 		 		 		 		 		 H	 G	 		 		 		 		 		 		 		 		 		 		 		 		
10	 R3	310C	 V	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 G	 		 		
11	 R3	319D	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 G	 		 		
12	 R3	19H	 		 		 		 		 E	 		 		 		 		 		 		 		 		 		 V	 		 		 		 K	 		 		 		 		 		
13	 R3	111D	 		 		 R	 		 		 K	 		 		 		 		 		 		 		 		 		 		 		 V	 		 		 		 		 		 		
14	 R3	612E	 V	 		 R	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		
15	 R3	66C	 		 		 		 		 		 K	 		 		 		 R	 		 		 		 		 		 		 		 		 		 		 		 		 		 		
16	 R3	310B	 		 G	 		 		 		 K	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		
17	 R3	59E	 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		 		 		 		 		 		 		 		
18	 R3	111C	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 G	
19	 R3	314A	 		 		 		 		 		 K	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 V	 		




  res	→	 268	 274	 291	 293	 303	 321	 333	 337	 363	 364	 373	 #	MUT	








1	 R3	28E	 T	 		 L	 		 		 		 		 		 		 		 	 4	
2	 R3	212B	 T	 		 L	 		 		 		 		 		 		 		 	 3	
3	 R3	310D	 I	 		 L	 		 		 		 		 T	 		 		 	 5	
4	 R3	311G	 T	 		 L	 		 		 		 		 		 		 		 	 6	
5	 R3	411G	 		 G	 L	 		 		 		 		 		 		 		 	 3	
6	 R3	412D	 I	 		 		 V	 		 		 		 		 		 		 	 4	
7	 R3	511G	 I	 		 L	 		 		 		 		 		 		 		 	 2	
8	 R3	512C	 		 		 L	 		 		 		 		 		 		 		 	 2	
9	 R3	612A	 I	 		 L	 		 		 		 		 		 		 		 	 6	
10	 R3	310C	 I	 		 		 V	 		 		 		 		 		 		 	 4	
11	 R3	319D	 I	 		 		 V	 		 		 		 		 		 		 	 3	
12	 R3	19H	 I	 		 L	 		 R	 		 		 		 		 		 		 6	
13	 R3	111D	 I	 		 L	 		 		 		 		 		 		 		 		 5	
14	 R3	612E	 T	 		 L	 		 		 		 		 		 		 		 		 4	
15	 R3	66C	 I	 		 L	 		 		 		 V	 		 		 F	 		 6	
16	 R3	310B	 		 		 L	 		 		 		 		 		 		 		 		 3	
17	 R3	59E	 		 		 L	 		 		 L	 		 		 		 		 		 3	
18	 R3	111C	 I	 		 L	 		 		 		 		 		 F	 		 		 4	
19	 R3	314A	 I	 		 L	 		 		 		 		 		 		 		 S	 4	




  res	→	 40	 49	 101	 174	 201	 230	 268	 291	 321	 337	 347	 360	 #	MUT	








1	 R4	312A	 		 		 R	 V	 		 		 		 		 		 T	 		 		 3	
2	 R4	412E	 		 		 R	 V	 A	 		 		 		 		 		 		 		 3	
3	 R4	19A	 F	 		 		 		 		 		 		 		 L	 		 		 		 2	
4	 R4	15G	 		 K	 		 		 		 G	 I	 L	 L	 		 E	 C	 7	
5	 R4	28E	 		 		 		 		 		 		 		 L	 		 		 		 		 1	
	
  res	→	 20	 24	 26	 40	 46	 47	 49	 61	 101	 174	 175	 201	 210	 225	 230	 268	 269	 277	 291	 301	 321	 329	 337	 347	








1	 R5	13A	 V	 		 		 		 K	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		
2	 R5	110A	 		 		 		 		 		 		 		 		 		 V	 		 A	 		 A	 		 I	 		 		 L	 N	 		 R	 		 		
3	 R5	18F	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 L	 		 L	 		 		 		
4	 R5	12A	 		 		 		 		 		 		 		 		 		 		 		 A	 T	 		 		 T	 		 		 L	 		 L	 		 		 		
5	 R5	16D	 		 		 		 F	 		 		 		 		 		 V	 		 A	 T	 		 		 T	 		 		 L	 		 L	 		 		 		
6	 R5	19D	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 I	 		 		 L	 		 L	 		 		 E	
7	 R5	12D	 V	 		 		 		 K	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		
8	 R5	19E	 		 		 		 		 		 		 K	 		 		 		 		 		 		 		 		 I	 		 		 L	 		 L	 		 		 		
9	 R5	19G	 V	 		 		 		 K	 		 		 G	 		 		 		 		 		 		 		 I	 		 C	 L	 		 		 		 		 		
10	 R5	510F	 		 		 		 		 		 		 		 		 		 		 		 A	 T	 		 		 T	 		 		 L	 		 L	 		 		 		
11	 R5	37H	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 L	 		 		 		 T	 		
12	 R5	32C	 		 		 		 F	 		 		 		 		 		 		 		 		 		 		 G	 I	 		 		 L	 		 L	 		 		 		
13	 R5	39A	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 L	 		 		 		 		 		
14	 R5	312G	 		 		 		 		 		 G	 		 		 R	 V	 P	 		 		 		 		 I	 Q	 		 L	 		 		 		 		 		
15	 R5	212C	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 L	 		 L	 		 		 E	
16	 R5	38B	 		 V	 		 		 		 		 		 		 		 		 		 		 		 		 		 I	 		 		 L	 		 		 		 		 		
17	 R5	512G	 		 		 D	 		 		 		 		 		 		 V	 		 A	 		 A	 		 I	 Q	 		 L	 		 L	 		 		 		
18	 R5	34C	 		 		 		 		 		 		 		 		 		 		 		 A	 T	 		 		 T	 		 		 L	 		 L	 		 		 		




  res	→	 360	 369	 #	MUT	








1	 R5	13A	 		 		 2	
2	 R5	110A	 		 		 7	
3	 R5	18F	 		 		 2	
4	 R5	12A	 		 		 5	
5	 R5	16D	 		 		 7	
6	 R5	19D	 		 		 4	
7	 R5	12D	 		 		 2	
8	 R5	19E	 		 		 4	
9	 R5	19G	 		 		 6	
10	 R5	510F	 		 		 5	
11	 R5	37H	 		 		 2	
12	 R5	32C	 		 E	 6	
13	 R5	39A	 		 		 1	
14	 R5	312G	 C	 		 8	
15	 R5	212C	 C	 		 4	
16	 R5	38B	 		 		 3	
17	 R5	512G	 		 		 8	
18	 R5	34C	 		 		 5	





  res	→	 20	 26	 40	 44	 46	 47	 59	 101	 120	 142	 158	 174	 188	 201	 210	 225	 230	 245	 250	 268	 269	 269	 291	 321	








1	 R6	15H	 		 		 		 		 		 		 		 		 		 		 H	 V	 		 A	 T	 		 		 		 		 T	 		 		 L	 L	
2	 R6	14H	 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		 		 G	 I	 		 		 L	 L	
3	 R6	12D	 V	 		 		 		 		 		 		 		 		 		 		 		 L	 A	 		 A	 		 		 		 I	 Q	 Q	 L	 		
4	 R6	19A	 		 		 F	 		 		 		 		 		 		 		 		 V	 		 A	 T	 		 		 		 		 T	 		 		 L	 L	
5	 R6	14F	 		 		 F	 		 		 		 L	 R	 		 I	 		 V	 		 A	 		 		 		 G	 G	 I	 		 		 L	 L	
6	 R6	15A	 V	 		 		 		 K	 		 		 		 		 		 		 		 		 A	 		 		 		 		 G	 I	 		 		 L	 L	
7	 R6	16B	 		 		 		 		 		 		 		 R	 		 		 		 		 		 A	 		 A	 		 		 		 I	 		 		 L	 		
8	 R6	27D	 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		 		 G	 I	 		 		 L	 L	
9	 R6	29D	 		 D	 		 		 		 		 		 R	 		 		 		 V	 		 A	 		 A	 		 		 		 I	 Q	 Q	 L	 L	
10	 R6	212G	 		 		 F	 		 		 		 		 		 		 		 		 V	 		 A	 T	 		 		 		 		 		 		 		 L	 L	
11	 R6	311H	 		 		 		 		 		 G	 		 		 T	 		 		 V	 		 A	 T	 		 		 		 		 I	 		 		 L	 L	
12	 R6	312A	 		 		 F	 		 		 		 		 		 		 		 		 V	 		 A	 T	 		 		 		 		 I	 		 		 L	 L	
13	 R6	15G	 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		 		 G	 I	 		 		 L	 L	
14	 R6	28A	 		 		 		 		 		 		 		 		 		 		 		 V	 		 A	 T	 		 G	 		 		 I	 		 		 L	 L	
15	 R6	111D	 		 		 		 P	 		 		 		 		 		 		 		 V	 		 A	 T	 A	 		 		 		 I	 		 		 L	 		




  res	→	 337	 347	 #	MUT	








1	 R6	15H	 		 		 7	
2	 R6	14H	 		 E	 6	
3	 R6	12D	 		 		 7	
4	 R6	19A	 		 		 7	
5	 R6	14F	 		 		 11	
6	 R6	15A	 		 		 7	
7	 R6	16B	 T	 		 6	
8	 R6	27D	 		 E	 6	
9	 R6	29D	 		 		 9	
10	 R6	212G	 		 		 6	
11	 R6	311H	 		 		 8	
12	 R6	312A	 		 		 7	
13	 R6	15G	 		 E	 6	
14	 R6	28A	 		 		 7	
15	 R6	111D	 		 		 7	
16	 R6	112H		 		 E	 7	
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  residue	→	 2	 20	 40	 44	 46	 47	 59	 98	 101	 105	 116	 120	 129	 133	 159	 174	 185	 188	 201	 205	 208	 210	








1	 R7	58D	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		
2	 R7	412F	 		 		 F	 		 		 		 		 		 		 		 		 		 		 E	 		 		 		 		 A	 		 		 		
3	 R7	12H	 		 V	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 L	 A	 		 		 		
4	 R7	69H	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 L	 		
5	 R7	58F	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		
6	 R7	48A	 		 V	 		 		 G	 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		
7	 R7	69G	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		
8	 R7	611E	 		 		 		 		 		 		 		 E	 		 		 		 		 		 		 T	 		 		 		 A	 		 		 		
9	 R7	410H	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		
10	 R7	59A	 		 		 F	 		 		 		 L	 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		
11	 R7	16D	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		
12	 R7	112D	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 T	
13	 R7	712E	 		 		 F	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		
14	 R7	73H	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		
15	 R7	67B	 		 		 F	 		 		 		 		 		 		 		 		 		 H	 		 		 		 		 		 A	 T	 		 		
16	 R7	612G	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 T	
17	 R7	64C	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		
18	 R7	412D	 		 		 		 		 		 		 L	 		 		 		 		 		 		 		 		 V	 		 		 A	 		 		 T	
19	 R7	612B	 		 		 		 		 K	 		 		 		 		 		 		 		 		 		 		 		 A	 		 A	 		 		 T	
20	 R7	48B	 		 		 F	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		
21	 R7	107G	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		
22	 R7	47E	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 T	
23	 R7	82E	 R	 		 		 		 		 		 		 		 R	 		 		 		 		 		 		 		 		 L	 A	 		 		 		
24	 R7	106H	 		 		 		 		 		 G	 		 		 		 		 		 T	 		 		 		 V	 		 		 A	 		 		 T	
25	 R7	410F	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 T	
26	 R7	106G	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 T	
27	 R7	411A	 		 		 F	 A	 		 		 L	 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		
28	 R7	47D	 		 V	 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 A	 		 		 		
29	 R7	67A	 		 		 F	 		 		 		 		 		 		 		 S	 		 		 		 		 		 		 		 A	 		 		 		
30	 R7	95D	 		 		 		 		 		 		 		 		 		 A	 		 		 		 		 		 V	 		 		 A	 		 		 T	
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  residue	→	 211	 212	 225	 230	 250	 268	 269	 281	 291	 305	 321	 345	 347	 351	 362	 #	MUT	








1	 R7	58D	 		 		 		 		 		 T	 		 		 L	 		 L	 		 		 		 		 4	
2	 R7	412F	 		 		 		 		 G	 I	 		 		 L	 		 L	 		 E	 		 		 8	
3	 R7	12H	 		 		 A	 		 		 I	 Q	 		 L	 		 		 		 		 		 		 7	
4	 R7	69H	 		 		 		 		 G	 I	 		 		 L	 		 L	 		 		 		 		 6	
5	 R7	58F	 		 		 		 		 G	 I	 		 		 L	 		 L	 		 E	 		 		 6	
6	 R7	48A	 		 		 		 		 G	 I	 		 H	 L	 		 L	 L	 		 		 		 9	
7	 R7	69G	 		 		 		 		 G	 I	 		 		 L	 		 L	 		 E	 		 		 6	
8	 R7	611E	 		 		 A	 		 		 I	 		 		 L	 		 L	 		 		 		 		 7	
9	 R7	410H	 		 		 		 		 G	 I	 		 		 L	 		 L	 		 E	 		 		 6	
10	 R7	59A	 		 		 		 		 		 I	 		 C	 L	 R	 L	 		 		 		 		 8	
11	 R7	16D	 		 		 		 		 		 		 		 		 L	 		 L	 		 		 		 		 3	
12	 R7	112D	 		 		 		 		 		 T	 		 		 L	 		 L	 		 		 		 		 5	
13	 R7	712E	 		 		 		 		 G	 I	 		 		 L	 		 L	 		 E	 		 		 7	
14	 R7	73H	 		 		 		 		 G	 I	 		 		 L	 		 L	 		 E	 		 		 6	
15	 R7	67B	 		 		 		 		 G	 I	 		 		 L	 		 L	 		 		 		 		 8	
16	 R7	612G	 		 		 		 		 		 T	 		 		 L	 		 L	 		 		 		 		 5	
17	 R7	64C	 		 		 		 		 G	 I	 		 		 L	 		 L	 		 E	 		 		 6	
18	 R7	412D	 S	 		 A	 		 		 		 		 		 L	 		 L	 		 		 		 		 8	
19	 R7	612B	 		 		 		 G	 		 I	 		 		 L	 		 L	 		 		 Q	 		 9	
20	 R7	48B	 		 		 		 		 G	 I	 		 		 L	 		 L	 		 E	 		 		 7	
21	 R7	107G	 		 		 		 		 G	 I	 		 		 L	 		 L	 		 E	 		 		 6	
22	 R7	47E	 		 		 		 		 		 T	 		 		 L	 		 L	 		 		 		 		 5	
23	 R7	82E	 		 		 A	 		 G	 I	 		 		 L	 		 L	 		 		 		 		 8	
24	 R7	106H	 		 R	 A	 		 		 I	 		 		 L	 		 L	 		 		 		 		 10	
25	 R7	410F	 		 		 A	 		 		 T	 		 		 L	 		 L	 		 		 		 		 6	
26	 R7	106G	 		 		 		 		 		 T	 		 		 L	 		 L	 		 		 		 		 5	
27	 R7	411A	 		 		 A	 		 		 I	 		 		 L	 		 L	 		 		 		 		 8	
28	 R7	47D	 		 		 		 		 		 I	 		 		 L	 		 L	 		 		 		 		 5	
29	 R7	67A	 		 		 		 		 G	 I	 		 		 L	 		 		 		 		 		 		 6	
30	 R7	95D	 		 		 		 G	 		 I	 		 		 L	 		 L	 		 		 		 F	 9	
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